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It is becoming increasingly apparent that the serine-glycine interconversion usually represents a source of glycine to the organism rather than a source of serine. One of the most important precursors of serine appears to be carbohydrate or certain products of glycolysis (Arnstein, 1954 (Arnstein, , 1955 (Ichihara & Greenberg, 1955 or from hydroxyaspartate ( S h c h 1955 , 1956 Sallach & Peterson, 1956) . Both pyruvate and acetate may serve as precursors of serine, and there are indications that a symmetrical intermediate may be involved in the synthesis from these precursors (Nyc & Zabin, 1955) . In addition to acetate other fatty acids may be converted to serine (Black, Kleiber & Smith, 1952 ; Black, Kleiber, Smith & Stewart, 1957; Black & Kieiber, 1958) .
In Tetrahymena also, it appears that, in addition to the ability to convert glycine to serine under the influence of high concentrations of folk acid (Dewey & Kidder, 1959) , there is the possibility of utilizing carbohydrate and certain tjther substances for the synthesis of serine. Growth of the ciliate in the absence of serine appears to be rather susceptible to inhibition by carbohydrates as well as other possible intermediates, which makes interpretation of results difficult. Evidence has been obtained that glucose (or otherfermentable carbohydrates), pyruvate, lactate, certain fatty acids, ethmd and acetaldehyde are precursors of serine for the growth of Tetrahymena. The dicarboxylic acids of the h b s cycle, acetate and glycolate, have a s m d effect. Glycerate, 3-phosphoglycerateY dihydroxyacebne, glyceraldehyde, glyoxdate, hydroxypyruvate, dihydroxyfumarate, glueonate, tartrate and hydmxyaspartate either have no effect or care inhibitory.
Although serine can be synthesized from various precursors by all except one of the strains of Tetrahymena tested (Dewey & Kidder, 1960) , media can be devised in which serine is a requirement for all strains. In such a m d u m it is possible to test for the activity of compounds which may be derived metabolically from serine. Compounds such as glycine, cysteine,
aminoethanol and thymine can be shown to spare the serine requirement of certain strains of Tetrahymena and in some cases appear to replace serine entirely.
ME!rHcms
The cultural conditions and medium used were as previously described (Dewey Q Kidder, 1960 or m80-tartrate, fatty acids, Krebs cycle acids, glycine, cysteine, aminoethanol, thymine or lactate singly or in combination as indicated. All the above compounds were commercial samples except as noted. In most cases these compounds were added to the medium to test-for sparing action in a dose response to serine or to glycine in the absence of serine. Unstable materials were sterilized by filtration through sinkred glass. The data represent the averages of large numbers of experiments.
RESULTS AND DISCUSSION
A. Effect of compoum& which mag act a8 pernrsors of swine As may be seen from Fig. 1 , curve 1, there is some growth on glycine even at the level of folic acid ordinarily used in the medium, but that the addition of larger amounts of folk acid (0.1 ,ug./ml.) makes better growth possible (curve 8). This is a matter of the rate of growth, which is increased by the addition of folic acid (Dewey & Kidder, 1960) . When glucose (2-5 mg./ml.) is added to the medium without increasing the folk acid content (curve 2), utilization of glycine is h o s t entirely suppressed. On the other hand, if both glucose and folic acid are ddd (curve 4) slight inhibition is apparent, by comparison with curve 8, only at the lower concentrations of glycine. Above a glycine concentration of 20 pg./ml. glucose exerts a large stimulatory effect. While it is true that some of this stimulation must be due to the addition of an energy source, the effect is much greater than that obtained upon the addition of glucose to a medium containing serine (Fig. 2) . Here glucose is seen to inhibit the utilization of suboptimal amounts of serine. With certain strains of Tetrahymena (for example strain E) glucose is even more inhibitory to the utilization of glycine than with strain W, but not to the utilization of serine. As the growth carves show (Fig. a) , at the usual time of measurement of turbidity (06 hr.) strain E would be considered to be unabb to utilize glycine in the Of the glycolytic products of glucose : dihydroxyacetone, glyceraldehyde and 8-phosphoglycerate, all were inhibitory while glycerate had little or no effect. Hydroxyppvate, which is derived metabolically from phosphoglycerate (Ichihara & Greenberg, 1955 , was inhibitory (first preparation, which probably contained some bromopyruvate) or had no effect (second preparation) either with OP without the addition of alanine (Sallach, 1955) . On the other hand, pyruvate or lactate had the same stimulatory effect as glucose, although the addition of larger amounts of thioctic acid (0.08pg./ml.) is required if lactate is to be fully effective (Fig. 4) . Thioctic acid is also stimulatory when either glucose or pymvate is present in the medium, but the effect is not as great as in the case of lactate. Increased growth in the presence of either glycine or of additional folk acid as well as p p v a t e may be explained either by the provision of an additional s o m e of serine or the removal of the necessity for the synthesis of glycine from the serine produced. Thioctic acid and folic acid are the only vitamins which can be shown to affect serine synthesis in Tetrahymena pyriformis W. Pyridoxal (Blakley, 1955) was without specific effect.
Since it is advantageous to add alanine to media containing hydroxypyruvate in order to be certain that transamination to serine is possible (Sallach, 1955) , it was necessary to study the effect of alanine alone on serine synthesis. As may be seen from Figs. 5 and 6, alanine increases growth in the absence of serine whether or not glycine is present. This effect is, however, much smaller than that exhibited by pyruvate. It is possible that there may S&ne metabolism in Tetrahymerta 88 be some conversion of alanine to pyruvate and eventually to serine. The fact that ahnine is much more effective when other precursors of serine are present suggests, however, that it may be acting as an amino donor. There is also an additional sthulatory effect of alanine even in the presence of adequate serine. It appears that the organism is relatively deficient in a system for the biosynthesis of alanine. It has also been shown (Dewey & Kidder, 1958 ) that a3anine may act as a competitive analogue of serine. The amounts of alanine required to show this inhibition are, however, relatively large (for strain W) and it is quite possible that endogenously produced serine is less susceptible to this type of inhibition than that supplied exogenously. Since acetate is a component of the medium generally used for the cultivation of Tetrahymens and because it is produced metabolically from pyruvate, the effect on serine synthesis of the addition of acetate to the basal medium was tested. As may be seen (Fig. 4) acetate had only a slight stirnulatory effect as compared to pyruvate. The further addition of thioctic acid had little effect. It appears that the function of thioctic acid in serine synthesis is not primarily in the oxidation of pyruvate to acetate, but rather in the oxidation of lactate to pyruvate (Kline, Pine, Gunsalus & Barker, 1952), where high levels may be required.
Other two-carbon compounds were also tested for their effect on serine is the only one of the group which stimulates growth of Tetrahymena in the absence of serine. Probably the predominant route of propionate metabolism, however, is its conversion to succinate by fixation of CO, (Flavin, 1955 compound proved to be rather inhibitory to growth, but this may be due to the fact that an unresolved mixture of the four possible isomers was used.
One other possible source of symmetricd four-carbon acids is the glyoxylate cycle of Kolrnberg & Beevers (1957), by which acetate is condensed With glyoxylate to produce mdate. Since glyoxylate has no effect on serine synthesis either thh cycle does not operate in Tetmhpena or d a t e is not on the route to serine. forced to rely for explanation of such results on the possibility that cells are impermeable to certain compounds or the probability that these compounds are utilized only in an activated form. In the latter case the organism must lack specific kinases for those compounds which must be utilized as a phosphorylated derivative, or specific enzymes for the formation of the acyl coenzyme A intermediates. Figure 7 illustrates the above possibilities in which dotted lines denote apparently inoperative pathways in Tetrahymena. Fig. 8 . Strains GHH, E and W were chosen for comparison of the sparing effects of serine derivatives on growth.
Phoephatides

Fig. 8
Strain GHX does not synthesize serine under any conditions so far devised, strain E requires large amounts of folic acid when glycine is supplied as the serine source while strain W is very active in serine synthesis (Dewey & Kidder, 1960) . Table 2 shows that the addition of any one or various combinations of compounds has no effect on the growth of strain GHH in the absence of serine. Either cysteine or aaninoethanol improves growth at low levels of serine, while acetate + glucose or alanine give improvement only at higher levels of serine. Serine metabolism in Tetrahpnena
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The former response is typical of a sparing effect, the latter of non-specific stimulation. Table 8 illustrates similar experiments performed with strain W. Sparing effects are obtained upon the addition of small amounts of either glycine, cysteine or aminoethanol singly to the medium. These results are very similar to those obtained with strain GHH. Even in the absence of serine growth is obtained, however, when all of the compounds capable of sparing serine are present at the same time along with an adequate amount of alanine. This is true whether or not acetate and glucose are present and probably represents sparing to the point where only minimal amounts of serine need be synthesized. It is to be noted that thymine shows a small sparing effect with strain W. The serine requirement of strain E is spared to the greatest extent by cysteine, while glycine and aminoethanol have smaller effects. Either alanine or thymine appear to be inhibitory alone, but in combination with the other compounds they have a growth-promoting effect (Table 4) . Growth is still slow (7 days) in the absence of serhe even when the requirement is spared by the addition of all of the active compounds together (Elliott & Hogg, 1952; Dewey & Kidder, 1960) . These facts may explain the earlier reports that strain E has an absolute requirement for senne (Elliott, 1949 (Elliott, , 1950 .
A comparison was made of the available strains with regard to the effects of alanine and of compounds sparing serine. In most cases alanine is inhibitory at low levels of serine, but may show stimulation in the presence of adequate amounts of serine. With a few exceptions aminoethanol appears to have the largest sparing effect. As may be seen from table 5, the addition of all of the active compounds permits excellent growth in the absence of serine of all of the strains except GHH and S.
The data presented above indicate that Tetrahymena also carries out most of the reactions in Fig. 8 It would appear that in supplying glycine, cysteine, aminoethanol (choline) and thymine the major products of serine metabolism are made available to the ciliate so that the relatively small amounts of serine required as such for the synthesis of protein and phospholipids can be synthesized by the ciliates (except strain GHH and possibly S) from such compounds as glucose.
